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Socio-economic hazards and impacts of space weather: the 
important range between mild and extreme 

Carolus J. Schrijver^ 

Abstract. Society needs to prepare for more severe space weather than it has expe¬ 
rienced in the modern technological era. To enable that, we must both quantify extreme- 
event characteristics and analyze impacts of lesser events that are frequent yet severe 
enough to be informative. Exploratory studies suggest that economic impacts of a century- 
level space hurricane and of a century of lesser space-weather “gales” may turn out to 
be of the same order of magnitude. The economic benefits of effective mitigation of the 
impacts of space gales may substantially exceed the required investments, even as these 
investments provide valuable information to prepare for the worst possible storms. 


1. Societal concern abont space weather 

Interconnected electronic and electrical technologies are 
rapidly spreading their reach into our personal lives and 
into the overall functioning of our global society. Among 
the backbones of this ensemble are the electric power grid 
and the armada of Earth-orbiting satellites. The global 
use of electrical power grows substantially faster than the 
world’s population: in the 15 years prior to 2012, the 
world populati on grew by 20%, while elect r ic pow er use 
grew by 60% ] International Energy Agened . I2013|| . The 
satellite industry grows even faster than that, with an in- 
crease in global revenue by 420% over the sam e period 
\Satellite Industry Association. Tauri proud . l2013l| . As elec¬ 
tronics become more powerful and miniaturized, society dis¬ 
covers innovative new ways of making use of them, accessing 
information through the internet and finding its way with 
a satellite-based navigation system, while drawing electric¬ 
ity that is generated in a multitude of power plants that 
are increasingly interconnected by more extended and m ore 
complex grids of high-voltage lines (e.s.. \JASON\ [201ll| L 
A century ago, space weather was hardly on anyone’s 
radar, other than as presenting scientific puzzles related 
to geomagnetic variability and aurorae, and curious phe- 
nomena that som etimes occurred in telegraph systems (e.g., 

I Odenwaidi [201Cll] L Half a century ago, space-weather per¬ 
turbations of communications by radio waves or via subma¬ 
rine telephone cables were a substantial but transient nui¬ 
sance. Over the past quarter century, however, the growth 
in our space-based assets and in the reliance on stable elec¬ 
tric power has made us very much aware of space weather 
as something that is not limited to academic interest or 
of relevance to the potential future human exploration of 
the solar system, but that reaches into our everyday lives, 
along with weather, earthquakes, and other natural haz¬ 
ards. And, as for these other phenomena, the impacts can 
be mild and noticed primarily in, am ong others, electric 

f )ower quali t y or sy stem operations (e.e.. \Forbes and St. CvA 
200g . 120101. l2012li L may lead to component failures by im¬ 
mediate or cumulative damage (e.e. AGam lllmi) , or may 
be exten s ive w ith the potential of being catastrophic (e.g., 
iHavaooS [2011l] L 

This realization has led to an increased focus on the re¬ 
search of the broad variety of Sun-Earth connections, to the 
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creation of space weather forecasting organizations around 
the world, and to a rapidly growing awareness of space 
weather in our society. For example, at the time of this 
writing, asking Google for web sites with the phrase “space 
weather” yields close to 2.8 million results. There is also a 
rapid growth in the number of organizations and individu¬ 
als interested in receiving space weather alerts and warnings 
by email: the US NOAA Space Weather Prediction Cen¬ 
ter alone currently serves over 42,000 subscribers with their 
“product subscription service” (PSS). 

The growing awareness of the impacts of space weather 
on virtually any sector in society appears founded in the 
realization that it is a real and often-present hazard. A sur¬ 
vey of the PSS subscribers showed that about half had a 
professional (rather than personal) interest, and that these 
represented a variety of government and private-sector orga¬ 
nizat ions of a wide range of scales \Schriwer and Rabanal\ . 
I2013l| . Some 60% of these subscribers checked current con¬ 
ditions and near-term forecasts at least once a day, often 
expressing concerns about human safety and reliability or 
continuity of services. Almost half of the respondents to 
the survey considered the strongest class of space weather 
to have a very strong to strong impact on their organiza¬ 
tional operations, and about three quarters stated that it 
was likely that their organization would somehow respond 
to the forecast of an extreme space weather event, with many 
expressing the expectation that this would mitigate the im¬ 
pact on the operations. 

2. Extreme space weather and its impacts 

The US National Research Council (NRC) captured 
perspectives from a broad spectrum of stakeholders 
in society in a report entitled “Severe space weather 
events - Understanding so cietal and economic impacts” 
\Svace Studies Board\ . \200^ . The report notes that “an es¬ 
timate of $ 1 trillion to $ 2 trillion during the first year alone 
was given for the societal and economic costs of a ’severe 
geomagnetic storm scenario’ with recovery times of 4 to 10 
years”, potentially affecting more than 130 million people. 

These hypothetical consequences for the U.S. were later 
quantified for the global economy in an assessment by 
\Schulte in den Bdum,en et al\ [20141] . They analyzed the ef¬ 
fects of three different scenarios for the main impacted re¬ 
gions - essentially broad local-time zones along longitudinal 
axes centered on the Americas, on Europe and Africa, and 
on East Asia and Australia - and then assessed the impacts 
on different countries around the world to deduce an overall 
cost. They assumed that a geomagnetic disturbance (GMD) 
that might occur once in a century would cause the loss of 
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10% of the power-generating capacity in the impacted region 
for up to a year. With those assumptions, they essentially 
confirmed the NRC report’s hypothesis, while quantifying 
the even larger global consequences: “the possible impact of 
a century-scale space-weather event on the global economy 
... could be” USD 2.4 trillion “up to USD 3.4 trillion or 
5.6% of global GDP, and impacts would affect sectors and 
populations well outside the direct area of impact.” They 
“hnd that a severe space-weather event could lead to global 
economic damage of the same order as wars, extreme finan¬ 
cial crisis, and estimated future climate change.” In other 
words, impacts of extreme space storms need to be paid 
serious attention. 

3. The continuum of space weather impacts 

Without having experienced the anticipated technolog¬ 
ical consequences of uncommonly severe space weather on 
modern-day technologies, the impact estimates are based on 
assumptions about both the event and its consequ ences. As¬ 
suming, w\th \Schulte in den Bdumen et ^ |2014l| . that 10% 
of the power-generating capacity is lost for a year is obvi¬ 
ously a hypothetical impact. As to the magnitude of the 
space storm the NRC report offers a rather vague definition 
not unlike what we see elsewhere in the literature: “Extreme 
space weather events are low-frequency/high-consequence 
(LF/HC) events and as such present - in terms of their po¬ 
tential broader, collateral impacts - a unique set of problems 
for public (and private) institutions and governance, differ¬ 
ent from the problems raised by conventional, expected, and 
frequently experienced events” \Svace Studies Roordl . [200^ . 
That definition quantifies neither the magnitude, nor the 
occurrence frequency of “extreme space weather events”. 

When it comes to working through the physics of the im¬ 
pact chains and the numerical assessment of impacts, a prag¬ 
matic choice needs to be made: the characteristic “century- 
scale space-weather event” is commonly equated to the flares 
and geomagnetic storm days on September 1 — 2 of 1859. 
These events were independently observed, and reported 
on, b y Richard Carrington and Richard Hodgson in Eng¬ 
land \Carrinotori . 1 18591 : iHodasori . Il859l] , and remain even 
in modern-day pe rspective among the stronge s t solar events 
directly observed J Cliver and Svalaaard . 120041 : \ Clive ^. 120061: 
\ Baker et all l201,3l | . But are they really the extremes in the 
mathematical sense, i.e., could nothing more intense hap¬ 
pen? 

A compilation of evidence of solar, stellar, terrestrial, 
and lunar “records” (either direct observations or analy¬ 
ses of residual proxies, such as chemical and radionuclide 
signatures in rocks, ice deposits, and the biosphere) led 
\Schriwer and ReeH [20141] to conclude that very much more 
energetic events could occur on the Sun, with flare ener¬ 
gies up to several hundred times larger, and with integrated 
fluxes of particle storms at least a few times larger, than the 
maximum values directly observed over the past decades. 
With occurrence frequencies dropping with increasing event 
strength, one needs to consider how the potential of such 
dramatic events once per millennium or even once per mil¬ 
lion years should factor into our preparation and mitigation 
activities. 

What is immediately obvious from the available material 
on space weather event intensities, however, is that there 
is no separation between mild and extreme, but instead a 
continuum from the frequent small events to the rare most 
violent explosions. It would be a mistake to think that all 
we need to worry about is the “century-level space weather 
event”. Rather, events with frequencies measured in months 
to millennia all need to be considered. 

The continuous spectrum of magnitudes of space weather 
storms is not a surprise. We see the signature “power 
laws” in many aspects of the chain of processes reaching 


from Sun t o Earth, including in siz es of solar active re¬ 
gions (e.g., \Harvev and Zwa ari lig gsUl: in s o lar fl are ener¬ 
gies (as summarized hv iSchriwer and BeeA [2014l| L possi¬ 
bly extended by statistics of very large flares observed in 
some stars that appear t o be like the Sun in terms of mass 
and rotation rate (e.g., \Noaami et al\ [2014l |'): in the size 
(opening angle) dist ribution of solar eruptio ns forming coro¬ 
nal mass ejections iR.obbrecht et al\ [20091 ]. and references 
therein); in peak p roton intensities during so lar energetic 
particle events fe.g.. lVan HoUebeke et aEl [19751] j: in (a proxy 
for) power i nput into the Earth’s magneto sphere in solar- 
wind bursts \Molonev and Davidseri |2011|] . and references 
therein); in the “sizes, e nergie s, and durations of substorms” 
\Vallieres-Nollet et al\ l201flll. and r e ferenc es therein); and 
in auroral emissions iKlimas et al ] Ena , and references 
therein). 

4. Breezes, gales, and hurricanes 

Why is it important to explicitly include the continuum 
of storm strengths in our thinking along with the concerns 
about the extreme? The analogy with winds in terrestrial 
weather can help make a case. Breezes are pleasant and 
have generally no detrimental impact and perhaps their be¬ 
nign effects outweigh the adverse. Hurricanes are damaging, 
but occur so infrequently in any given location that direct, 
personal experience is - fortunately - limited. It is from 
the intermediate gales that many can learn efficiently. With 
that analogy in mind, I argue that: 

(1) The impacts of fairly frequently experienced severe 
space weather events, when put in purely economic terms, 
appear not to be negligible when compared to those of 
a “century-level space-weather event”. In fact, allowing 
for the substantial uncertainties resulting from assump¬ 
tions being made to arrive at the overall impact esti¬ 
mates, t hey appear to be com parable. For example, the 
study hY lSchriiver et oil [20141] that assessed the cost of the 
non-catastrophic impact of non-extreme geomagnetic dis¬ 
turbances on the US alone through insurance claims at¬ 
tributable to the variations in the electric power grid sug¬ 
gests an average economic impact (in 2015 equivalent units 
after correction for inflation) of order USD 7— 10 billion per 
year. In the absence of evidence to the contrary, that esti¬ 
mate was reached assuming that perturbations induced by 
space weather are not substantially different from all others; 
that assumption is in obvious need of substantiation through 
de tailed system studies that were beyond the data available 
to \Schriiver et all [20ll] . 

Industry studies suggest that impacts of electric- 
power quality and continuity variations are compara- 
ble for the United States and for the European Union 

\Lineweber and McNultiL\2QG'A : \Manson and rarqos4 . [200^ . 

If perturbations induced by space weather have similar im¬ 
pacts within the U.S. and E.U., then the overall impact 
through power-grid effects of “common” space weather, not 
including possible impacts in Asia, integrated over a century 
comes in at a total of USD 1.3 — 2.1 trillion. Although this 
is a rough approximation that needs follow up, it appears 
worth society’s while to pay attention to the full range of 
space storms. We shall have to figure out how to parcel up 
that attention between organizations that deal with disas¬ 
ters and those that deal with day-to-day issues within our 
infrastructure, but we should not neglect one aspect while 
dealing with the other. 

(2) The occurrence and impact of events that happen a 
few times a year to once in a decade offer valuable lessons, 
both in terms of preparation for severe space weather and 
to learn about the workings of the distant universe where 
what we call space weather envelopes exoplanets that orbit 
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a large fraction of the stars in the sky. For example, work by 
ISchriiver et al\ [2014|| (and references therein) suggests that 
variability in electric power quality and its impacts on elec¬ 
trical and electronic equipment increases by «20% on the 
5% most geomagnetically active days. On the one hand, we 
can develop and hone our scientific understanding, forecast¬ 
ing tools, and mitigation protocols based on the relatively 
frequent sub-extreme events. On the other hand, we can use 
such events to trace how the variety of physical phenomena 
associated with space weather find their way into our tech¬ 
nological infrastructure. That knowledge can be shared to 
create design criteria and best practices on how to make our 
infrastructure less susceptible and more resilient. By invest¬ 
ing in both science and engineering studies, society will come 
out stronger and better prepared to face the consequences of 
all manner of space weather impacts. And if we do this well 
enough, it may pay for itself if the above estimates stand 
up to scrutiny: avoiding even a fraction of the estimated 
impacts of “common” space weather could pay for the re¬ 
search and protective infrastructures needed to be ready for 
“extreme space weather events”. 

5. In conclusion 

In my opinion, the state of our knowledge of space 
weather and its socio-economic impacts is such that opera¬ 
tional monitoring and scientific investments need to be ad¬ 
vanced jointly. There is an urgent need to improve forecasts 
in order to reduce demonstrated impacts caused by severe 
space weather and the considerable concerns regarding more 
severe events. Yet key links between Sun and society are in¬ 
adequately explored or understood. This leaves the end-to- 
end chain too weak for reliable, actionable, customer-specific 
forecasts. We need to look into the possibilities of the ex¬ 
treme events and into the impacts that occur frequently 
enough for both statistical and case studies. 

The ICSU Committee on Space Weather (COSPAR) 
and the steering committee of the International Living 
with a Star (ILWS) program appointed an international 
panel with the charge to develop a roadmap that out¬ 
lines where the largest advances are needed on the research 
side, and how they can be effectively made by investing 
in infrastructure, par tnerships, and agency collaboration 
\Schriwer et al.Ll2015|| : 

• advance the Sun-Earth system observatory along with 
observation-guided models; 

• understand the early phases of space weather as this 
originates at the Sun and propagates into the heliosphere. 
In order to enable this, the roadmap identifies suggestions 
for new instrumentation to obtain binocular 3D coronal 
imaging, to measure magnetic energy storage and release 
throughout the lower solar atmosphere, and to provide ad¬ 
ditional perspectives well off the Sun-Earth line, all aimed at 
improving our ability to model the erupted solar magnetic 
field heading towards Earth; 

• understand the factors that control how geospace is 
primed for, and driven to, the generation of geomagnetically- 
induced currents (GICs) and harsh particle radiation as so¬ 
lar wind, magnetosphere, and ionosphere couple. For this, 
the roadmap offers ideas for new instrumentation to expand 
in-situ coverage of the auroral particle acceleration region 
and the dipole-tail field transition region that aid in the de¬ 
termination of the evolving magnetospheric state, and for 
instrumentation to complement satellite data of the magne¬ 
tospheric and ionospheric variability to cover gaps; and 

• develop a comprehensive space environment specifica¬ 
tion throughout the Sun-Earth system by utilizing terres¬ 
trial, geospace, heliospheric, and astrophysical (from lunar 
to stellar) information. 


The COSPAR/ILWS roadmap recommends that, in par¬ 
allel to the above, the global society needs to invest in fore¬ 
casting and awareness, and also in education of the general 
public and of subject-matter experts in society’s infrastruc¬ 
ture, space-weather operati ons, emergency mana gement, 
and scientific research (see \Schriwer et aLl I2015II for de¬ 
tails a nd re ferences, and also, for example. I Vanfommef et oTI 
|2014l ]. and I MacAfester and MurtaaH [2ni4l ]i. This requires 
starting with the quantification of the vulnerability of hu¬ 
mans and of society’s infrastructure for space weather by 
partnering with user groups; building test beds in which co¬ 
ordinated observing supports model development; standard¬ 
izing (meta-) data and product metrics, and harmonizing ac¬ 
cess to data and model archives; and realizing observational 
coverage of the Sun-society system. 

Society is increasingly dependent on reliable electrical 
power, communication, and navigation systems. Paramount 
to sucessful preparation for severe and extreme space 
weather is that the strategies for the research and opera¬ 
tional investments be developed in a broad and open dis¬ 
cussion. This requires dialogues between stakeholders in 
research, operations, and society. And it requires careful 
consideration of those scientific advances that should most 
effectively advance overall readiness for space weather of all 
magnitudes, and of how scientific and operational platforms 
can best complement each other. 
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